Indonesia (+ 143 MW), Iceland (+ 90 MW) and Italy (+ 73 MW) (Busby and Terrington 2017; Cabrera et al. 2017) . Currently, geothermal reservoirs are exploited in more than 70 countries. Industrial thermal power plants in 58 countries operate with a total installed capacity of 16.4 GW and an annual thermal output of 191,500 TJ, saving 8.2 million tons of fossil fuels. By 2020 the total installed capacity of geothermal power in the world is expected to increase to 21.4 GW (Tester et al. 2006; Mahler and Magtengaard 2010; Shnell et al. 2015) .
The application of geothermal heat supply systems is not only saving fossil fuels but also contributing to the solution of numerous environmental problems, especially reducing greenhouse gas emissions in industrial megacities (Hashida et al. 2000; Mhitaryan and Machulin 2006; Dolinskyi and Obodovych 2016; Bayer et al. 2016 ). Owing to renewability, the use of geothermal plants facilitates keeping the overall energy balance of the country (Kong et al. 2014; Reinsch et al. 2016) . Geothermal well systems (GWS) are of wide and growing use in the USA, Switzerland, Germany, Denmark, Poland, and Russia (Kepinska 2010) ; such systems installed in reservoirs at depth of 1.5-3 km have the thermal output of 1-10 MW. In 2001 GWSs provided 45,000 dwelling equivalents in France with heat and electricity (Arens 2001) ; by 2013 this amount grew to 200,000 mostly in metropolitan Paris according to ADEME (2013) .
Limited reserves of oil and natural gas in Ukraine raised the significance of searching for alternative sources to provide heat supply systems in municipal and industrial facilities of the country with thermal energy. The total resources of geothermal energy in Ukraine to a depth of 10 km-which can be interpreted as the country's theoretical potential based on definitions of Rybach (2010) -are estimated at 10 22 J, which is equivalent to 3.4 × 10 11 tonnes of fuel and significantly exceeds the reserves of conventional sources estimated at 10 12 m 3 of natural gas, 5.36 × 10 10 tonnes of coal, and 4 × 10 8 tonnes of oil; according to Limarenko (2012) , the economically viable energy resource of thermal waters in Ukraine is estimated at 8.4 million tonne of oil equivalent per year (IRENA 2015) . Comparing the existing resources of geothermal energy with the state of the art of this industry in the country clearly indicates its use insufficiency. The total thermal output of geothermal plants in Ukraine of 11 MW according to Maliarenko et al. (2012) is much less than that in many other countries with comparable geological conditions. The operating plants cover mostly local heat and electricity needs of such individual objects as sanatoriums and sports facilities in small settlements. Nine geothermal plants of total heat capacity 10.8 MW and electric capacity 0.2 MW currently being under operation in the country are unevenly distributed throughout its territory as follows: three plants are in the Transcarpathian region, one is in Kherson, and five are in the Crimea according to Dolinskyi and Rezakova (2017) .
The recent studies (Dolinskyi and Obodovych 2016; Moya et al. 2018 ) made quite general estimations for wide intervals of depth without paying due attention to hydrogeological conditions, water cooling during operation; these studies did not use modern economic criteria. At the same time, nowadays GWS installation for long-term operation requires significant capital investments usually covered by different sources and credits; thus, the investment return for potential geothermal sites should be properly justified right at the design stage by modern economic indicators like the net present value (NPV). Therefore, there is a growing need for a detailed large-scale pre-feasibility assessment to identify the most promising regions of the country in terms of technical and economic feasibility of geothermal well systems taking into account hydrogeological conditions and technical specifics like those presented in Busby and Terrington (2017) . In general, various designs for geothermal energy installations are used in the world, including fountains, parallel heating and hot water supplies, peak water heating, heat pumps; however, due to their diversity, this paper focuses on a doublet design comprising one production and one abstraction well.
On the whole, this study aims at regional-scale zoning and nationwide mapping the potential efficiency of doublet geothermal heat supply systems for buildings and the profitability of their operation based on common investment criteria. The first step should be identifying zones with hydrogeological parameters to be used for mapping. The second one involves justifying the suitable geotechnological design of a geothermal unit regarding to hydrogeological parameters, technical and economic limitations. And finally, the thermal output and profitability evaluated for a selected design should be mapped for the country.
Geothermal and hydrogeological conditions
The geothermal conditions of Ukraine (Fig. 1 ) studied by Gordienko et al. (2002) and Lukinov et al. (2018) vary across the regions of the country (Table 1) . In the west, within the fold province of the Carpathians, an average heat flux of 100 mW/ m 2 causes relatively high groundwater temperature that reaches 65-70 °C at a depth of 1 km and 100-110 °C at the depth of 2 km. Further to the east in Volyn-Podilsky plate, the heat flux gradually decreases to 50-70 mW/m 2 that causes decreasing A specific case of geothermal resources is man-made thermal waters that were the focus of some recent studies related to flooded coal mines, particularly, to the feasibility of creating man-made geothermal reservoirs on the base of the significant reserves of low-grade coal in closed Ukrainian mines estimated at 30 billion tons (Timoshuk et al. 2012; Rudakov et al. 2012 ). This process is based on aquifer heating by burning the underlying coal seams of low thickness (Dychkovskyi 2015; Pivnyak et al. 2018) . The largest industrial experiment in underground coal gasification conducted in the USA at the Rocky Mountains site in 1987-1988 reported by Camp and White (2015) and Berdan (1986) demonstrated the significant potential of a creating a thermal source with the temperature exceeding 100 °C in the early stages of coal combustion. Gordienko et al. (2002) , Maliarenko et al. (2002) , Mhitaryan and Machulin (2006) At the same time, the operation of such a thermal source is highly dependent on local geological setting, time, and is often restricted by environmental regulations. For this reason, in the following study we consider the well-known design of water circulation in a doublet of wells that implies extracting heat on the ground and reinjecting cooled water back to the aquifer.
Technology design
Most thermal waters in Ukraine are highly mineralized, and their discharge to surface water bodies after cooling is unacceptable due to environmental restrictions. As an alternative to discharge, open geothermal well systems (GWSs) (Fig. 2 ) are getting wider use that include (1) pumping of thermal waters to the ground surface, (2) on-ground heat recovery, and (3) deep reinjection of cooled water into the subsurface (Alsakhov 2012; Zeng et al. 2017) . Such a system significantly enhances the efficiency of geothermal heat recovery since it uses both groundwater heat and rock heat.
To avoid corrosion and scaling, heat is extracted by using intermediate heat exchangers. Water pumped by the production well is accumulated in the storage tank and then is delivered to the heat exchanger. Heated water is delivered to consumers whilst cooled groundwater is pumped back into the reservoir through the injection well. The system often consists of one production well and one reinjection well (a doublet); however, more complicated designs do exist.
The GWS performance efficiency depends on combination of hydrogeological, technical, and economic indicators including groundwater temperature and chemical content, water Principal sketch to evaluate GWS thermal output. 1-reservoir; 2, 3-production and injection wells, respectively; 4-accumulator; 5-pumps; 6-heat exchanger; 7-geothermal flux; the other notations can be seen in the text intake parameters, installation costs (drilling), the cost of electricity for pumping groundwater, etc. (Red'ko and Bugai 2010) . Permanent circulation of water resulting in gradual aquifer cooling should be also taken into account. Therefore, the GWS thermal output and efficiency have to be evaluated by coupling appropriate hydrogeological and heat transfer models with economic criteria taking into account local consumers' demands and development trends.
Methods
Since the cost of GWS installation and operation depends on many factors and may greatly vary for each site, we will focus on the large-scale assessment taking into consideration such main common input items as (1) well drilling, (2) industrial equipment, and (3) electricity for pumping, which can give preliminary cost estimation for a GWS. The drilling cost of deep wells in Ukraine regarding to the complexity of geological settings can be estimated within the range 200-300 € per running metre (Filatov and Zaharchenko 2012) , which is less than in the international practice (Bai and Patil 2014) due to lower local prices. The cost of required industrial equipment (pumps, pipes, and storage tanks) can be estimated at 20-25% of drilling cost (Red'ko and Bugai 2010). The power consumed by centrifugal pumps for abstraction and reinjection of groundwater can be calculated by the formula (Ishlinskyi 1989; Bugai 2014) where N abst is the pump rate for water abstraction, N inj the pump rate for water injection, k z the safety factor for a pump that depends on its motor type; g the gravitational acceleration; Q the well flow rate; H the reservoir depth; ρ inj and P inj the density and pressure of injected water; and η p and η tr the efficiency of the pump and mechanical transmission of rotational motion from the engine to the pump, respectively.
Electric centrifugal pumps are recommended to apply in GWS due to their trouble-free operation in corrosive liquids containing dissolved salts, gases, and mechanical impurities. The pumps of this type use simple equipment on the ground, have a long lifespan of 2-3 years and can be used for wells of up to 4 km depth providing a significant flow rate up to 5000 m 3 /day. The GWS installation cost C can be calculated by the following formula taking into account the recommendations of Filatov and Zaharchenko (2012) where L w is the length of the well, s w is the drilling cost per a running metre of the well, p w the per cent share of the equipment costs with respect to the total drilling costs.
Taking the weighted average drilling cost for one linear metre of a well at 235 € plus 20% for the equipment cost, we can evaluate the initial cost for GWS installation at 564,000 € per 1 km of the depth.
The power consumption W and its cost S p are calculated by the formulae
where t op is the operation time and s el the electricity tariff for consumers in industries. The last parameter s el varied during last years in Ukraine and now can be evaluated as the equivalent to 5.8 € for 100 kWh for industries at the average exchange rate.
Calculation results for the well depth H , flow rate Q and other parameters ( k z = 1.2, P inj = 1.5P aq , P aq = ρ inj gH , η n = 0.6, η p = 0.9 , where P aq is the water pressure in the aquifer) are given in Table 2 .
The profit Pr gained from the GWS operation can be evaluated as the difference between the cost of generated heat S h and the cost of power consumed by the pumps S p where U is the GWS thermal output calculated by the formula where C v , T in , T out are the volumetric heat capacity of water, its average temperature before and after use, respectively. In Eq. 4 s th is the average tariff for thermal energy; it varied across the country and now can be evaluated at 47.2 € for 1 GCal (4.18 GJ).
Calculations to be performed by Eq. 5 are associated with the uncertainty in evaluating output temperature T out that has to be found as the solution to an optimization problem. On the one hand, decreasing temperature of circulating water on the surface results in increasing water density and pressure in the injection well, thus causing pumping costs to grow. On the other hand, injected water temperature should not significantly change the thermodynamic conditions near the well bottom and thereby affect the GWS thermal output.
As a preliminary approximation, the following system of equations can be used to evaluate T out (Alsakhov 2012) where T b , T 0 are water temperatures at the injection well bottom and the rocks at a depth of the neutral layer with unchanged temperature, respectively; T aq the water temperature in the aquifer; T in the temperature of thermal water before its use; G the geothermal gradient; q the geothermal heat flux; H the depth of the well bottom; H 0 the depth of the neutral layer; t time; V p the volume of rocks through which water circulates; r t the radius of well thermal influence; r w the well radius; and a the thermal conductivity and thermal diffusivity of rocks (see Fig. 2 ). We assume the temperature of injected water T inj to be equal to the temperature of cooled backwater T out . The volume of rocks V p in Eq. 7 can be estimated as the size of the well capture zone area that encloses the water volume completely pumped out by the well during its operation. Regarding the long-term water injection and seepage over the entire reservoir thickness, this area can have the form of an elliptical cylinder elongated along the groundwater flow with its height h being equal to the aquifer thickness, the major axis l being the distance between the injection and production wells, and minor axis d being calculated as proposed by Oradovskaya and Lapshin (1987) .
For complicated designs including three or more wells, more sophisticated calculation methods should be applied including numerical models of flow and heat transport in saturated rocks.
A comprehensive assessment of GWS profitability under various conditions can be performed using the NPV as the criterion accepted in international practice of investment analysis. This indicator is defined as the amount of expected net profit to be received by the investor as a result of GWS installation and operation. The NPV can be calculated following Michaelides (2012) where C is GWS installation cost; Pr i is the annual profit from the GWS operation during i-th year of operation calculated at the appropriate temperature difference (see also Eq. 5); R is the discount rate; and 25 years are taken as the expected period of operation for such kind of industrial facilities in the country. Besides,Pr i should include the other relevant costs including those for personnel. Thus, Eq. 8 provides the preliminary feasibility criterion ( NPV > 0 ) to invest to a GWS project that has to be refined in more detailed feasibility studies.
Results and discussion
We evaluated the GWS thermal output and profitability taking into account local geological settings (Table 1 ) and assuming mean values of thermodynamic and some hydrogeological parameters listed in Table 3 .
Following the variability of geological conditions across Ukraine and technical limitations, we varied geothermal flux q from 60 to 100 mW/m 2 and flow rate Q from 100 to 1500 m 3 /day. The GWS performance is predicted for a period of 25 years as the expected operation time. The results of calculations are depicted in Figs. 3 and 4 .
The initial temperature of injected water T out 15 °C at the flow rate of 500 m 3 /day may rise by almost 12 °C when reaching the bottom of the extraction well at the depth of 3 km and only by 1.5 °C when reaching smaller depth of 1 km. By the end of the operation period of 25 years, the difference in temperature of abstracted water and reinjected water may decrease by 17-26% within the evaluated ranges of depth and flow rate, which reduces the GWS thermal output and its economic efficiency accordingly.
The decreasing temperature of water pumped out in the operation period allows evaluating the rate of aquifer cooling due to water circulation (Fig. 3) . Triplicating the Rudakov and Inkin Geotherm Energy (2019) 7:17 flow rate results in faster cooling of the aquifer; by the end of the operation period, the temperature difference is expected to reduce by 17.6% at Q = 500 m 3 /day and by 32.4% at Q = 1000 m 3 /day (Fig. 3a) . Deepening the well from 1 to 2 km allows increasing the initial temperature difference by 120%, but due to cooling it will reduce by 23% in 25 years (Fig. 3b) .
The GWS thermal output reaches the maximum at lowest values of the backwater temperature T out (Fig. 4) . Reducing this temperature from 15 to 5 °C allows increasing the initial thermal output U 0 from 14% ( H = 2 km, Q = 500 m 3 /day) to 26% ( H = 1 km, Q = 1000 m 3 /day); however, due to cooling, U 0 is expected to reduce in 25 years by 17% and 25%, respectively. Generally, this temperature is not recommended to be maintained below 20 °C (Alsakhov 2012) due to technical problems of using lower-temperature water in heat supply of buildings. However, in recent years, advanced heat pumps have significantly expanded the temperature range of on-ground heat utilization by lowering water temperature to 4-7 °C and using it as a low-grade energy source (Fleuchaus and Blum 2017) . Therefore, in the calculations below we assumed the temperature of cooled backwater 5 °C as the minimum for normal heat pump operation. Deeper cooling of backwater may lead to freezing the wells and GWS termination.
Using Eqs. 1-7, we calculated the expected GWS thermal output for the territory of Ukraine at the minimum and maximum well flow rates Q min and Q max evaluated as extreme values for the range of aquifer depth H and the minimum and maximum aquifer depths H min and H max according to the existing geological settings (Table 1) . Thus, the created maps (Fig. 5 ) provide conservative and optimistic estimations to be refined in further case studies.
The maximum GWS thermal output within the range from 0.93 to 1.62 MW at H min, Q min to 5.79-9.26 MW at H max , Q max is expected in the central and northwest parts of the Crimea and the Black Sea coast associated with the high geothermal flux and thermal water abundance in these aquifers. In contrast, the conditions of GCS operation in Ukrainian crystalline shield are much less favourable thus resulting in much lower GWS thermal output below 0.2 MW at H min, Q min and up to 1 MW at H max , Q max . In the fold province of the Carpathians (Western Ukraine), the thermal output exceeds 0.6 MW at H min, Q min and is below 1 MW at H max , Q max . The estimated GWS thermal output is well correlated to the capacities of such system in the world usually ranging from 1 MW to 10 MW (Alekseenko et al. 2016; IRENA 2018) .
The expected profit of GWS operation Pr decreases in time in correlation to gradual cooling of circulating water (Fig. 6 ) and linearly depends on the flow rate; it decreases by approximately threefold with a decline of the geothermal gradient by half. The largest drop in profit up to 32% is expected for deeper aquifers ( H = 2 km) at the higher flow rate of 1000 m 3 /day and with higher initial temperature, whilst the expected profit decline for the lower flow rate of 100 m 3 /day is only 10%. Along with this, the profit Pr increases almost 20 times when deepening the aquifer from 1 km to 2 km and when increasing the flow rate 10 times from 100 to 1000 m 3 /day.
The specific cost of 1 GJ produced by the GCS in Ukraine depending on location and the operational period varies from 4 to 7 €, which is at least 2 as little as the average values of this indicator (12-15 €) in European countries (Mhitaryan and Machulin 2006; IRENA 2018) .
The GWS payback period highly depends on the potential profit indicator. At a reservoir depth of 1 km and a flow rate of 400 m 3 /day (Ukrainian crystalline shield in the centre of the country), the payback period is evaluated as 2 years, and for H = 2 km and Q = 100 m 3 /day (Dnipro-Donets artesian basin on the north-east of the country) it increases to 7.5 years. We used Eq. 8 to calculate the NPV taking the discount rate according to the conservative estimate of 5% per year for Ukraine. The created maps demonstrated more attractive conditions of the GWS operation in southern regions of the country with an elevated geothermal flux (Fig. 7) . The expected NPV may be positive (0.5-1 million €) even in eastern areas of the country with a moderate heat flux for geothermal wells installed to a depth of 1 km with the flow rate of 200 m 3 /day. Deepening the aquifer to Within the provinces of Volyn-Podilsky and Dnipro-Donets artesian basins and the fold province of the Ukrainian crystalline shield mostly on the north of the country (their borders can be seen in Fig. 1 ), the NPV takes negative values at H min, Q min , which means that GWS installation is economically unjustifiable for these regions. Deepening the aquifer depth to H max , and increasing the flow rates to Q max results in expanding negative NPV values to the central regions of the country because the thermal output even from deeper aquifers is insufficient to compensate higher installation costs. In contrast, NPV values remain positive for the depths and flow rates within the evaluated ranges for the southern and north-eastern regions of the country. Thus, deepening the geothermal wells to increase the GWS efficiency might make sense for the north-eastern and southern regions but not for the central and western regions of the country. Of course, all these conclusions should be considered as preliminary and have to be refined by local feasibility studies.
The distribution of the GWS thermal output and the NPV across the country influenced by the depth and flow rate (Figs. 5, 7) significantly differs from the geothermal heat flux distribution (Fig. 1) . Thus, the created maps provide a more realistic assessment for potential capacity of GWSs and, with regard to local geological conditions, allow drawing preliminary conclusions in terms of the GWS performance parameters and feasibility in different regions.
Using the same model as above (Eqs. 6, 7), we conducted a preliminary assessment the feasibility and key parameters of two potential geothermal sites in different regions of the country intended for the GWS operation taking into detailed account local geological settings, hydrogeological regime, and existing and expected heat consumers (Table 4) . The first site is located near the city of Henichesk (the Black Sea artesian basin), whereas the second one is located in the city of Mukachevo (Transcarpathian Trough); for site locations see Figs. 5 and 7. Comparing the performance parameters for two sites allows assessing the effect of flow rate and depth. The predicted GWS thermal output in Mukachevo is lower than in Henichesk because of lower groundwater temperature; it is expected to decline by 28.8% at the end of the operation in comparison with 23.8% for Henichesk. Due to higher thermal output in Henichesk, the operation of this site might save more fuel equivalent in comparison with the site near Mukachevo. As both GWS sites are located in the recreation areas, they can be quite attractive for potential investors, but site operation in Henichesk is more dependent on seasonal factors, which may extend the payback period there. At the same time, higher salinity of groundwater near Mukachevo is technically more challenging in comparison with lower salinity near Henichesk. The NPV of the GWS in Mukachevo is expected to be almost two times less for the GCS in Henichesk because the thermal output at the second site is significantly higher than at the first one. At the same time, lesser depth of the aquifer and relatively higher Fig. 7 Distribution of the expected NPV of the GWS operation across Ukraine: a) at minimum aquifer depth H min and flow rate Q min , b) at maximum aquifer depth H max and flow rate Q max geothermal heat flux near the city of Mukachevo reduce the GWS installation costs and operation thus increasing the NPV and making both sites more comparable in terms of efficient operation.
Conclusions
The growing need for active use of alternative energy sources in Ukraine is stimulating interest in the exploration of geothermal heat of which theoretical potential greatly exceeds conventional energy sources of the country. Due to high groundwater salinity of thermal waters in Transcarpathian Trough, Volyn-Podilsky plate, Dnipro-Donets depression and the Black Sea coast, open geothermal well systems (GWS) can be considered as a promising way of geothermal heat exploration. This paper focuses on the GWS of simplest doublet design comprising thermal waters pumping to the surface through the production well, on-ground heat recovery, and reinjection of water back to the reservoir through the injection well.
The GWS efficiency is estimated by installation and operation costs as well as the profit to be gained due to geothermal heat recovery. The hydrogeological parameters of the GWS performance were calculated using an existing analytical model of permanent reinjection of cooled water in a two-well design. Calculations showed that the initial temperature difference of abstracted water and reinjected water might decrease by 17-26% within the ranges of depths and flow rates evaluated for the territory of Ukraine, thus reducing the thermal output and economic efficiency, accordingly. GWS profitability is evaluated by the net present value (NPV) as a generally recognized criterion in investment analysis. The expected profit of the GWS operation linearly depends on the flow rate and decreases by approximately three times with a declining of the geothermal gradient by half.
The created maps of expected GWS thermal output and NPV for the territory of Ukraine provide conservative and optimistic estimations based on hydrogeological NPV , million € 6.1 10.5
Potential facilities for heat supply Industrial and municipal buildings Sanatoriums, recreation centres, and hotels parameters to be important for pre-feasibility studies of investment projects on geothermal heat exploration. The distribution of the thermal output of the GWS and its NPV across the country influenced by the depth and flow rate significantly differ from the geothermal heat flux distribution. The NPV takes positive values of 0.5-1 million € even in the areas with moderate geothermal flux (60 mW/m 2 ) and well flow rates (200 m 3 /day); the NPV is expected to increase up to 17 million € for deeper reservoirs up to 2 km below the ground. Two potential sites for GWS operation near the cities of Henichesk and Mukachevo (Black Sea artesian basin and the fold province of the Carpathians) located in the areas of high geothermal flux were examined in terms of their potential performance; they have shown comparable NPV values at higher installation costs for the site on the Black Sea artesian basin because of the deeper aquifer. The further research based on this study may focus on evaluating.
• The pressure and heat losses in geothermal wells using more sophisticated hydraulic and heat transport models that take into detailed account water properties, • The optimal distances between two and more closely installed GWS systems and flow rate effects on their thermal output, • Thermal depletion and the issues regarding environmentally sustainable longterm operation.
Besides, the opportunities of the GWS efficiency improvement by successive onground heat recovery should be assessed taking into account the requirements to input and output temperatures in various applications including heat supply, swimming pools, fish farming, greenhouse facilities, heat pumps, and dehydrating agricultural products.
